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Since the introduction of matrix-assisted laser desorption/ionization (MALDI) mass spectrom-
etry the majority of research has focused on developing analytical methods for the qualitative
determination of water soluble biomolecules such as proteins, peptides, carbohydrates, and
oligonucleotides. This paper, however, reports the use of MALDI for the analysis of
triacylglycerols and develops a new sample preparation method for nonpolar analytes.
MALDI enables the rapid analyses of triacylglycerol (TAG) standards and mixtures of whole
oils. The new method provides excellent shot to shot reproducibility, making quantification
possible. Detection limits were in the mid femtomole range and the resolution was around
2000 which easily separated TAGs differing by one double bond. Sensitivity decreased with
increasing molecular weight, causing biased results when analyzing complex mixtures with a
significant range of molecular weight. In all cases only sodiated molecules and prompt losses
of a fatty acid sodium salt were observed in the spectra. From this information it was possible
to identify the three fatty acids on the glycerol backbone. Collision-induced dissociation was
carried out on a triacylglycerol which proved to be useful for additional structural information,
including the corroboration of the fatty acid components. With MALDI the percent composi-
tions of TAGs in a standard olive oil was accurately determined. Finally, MALDI was used to
examine the differences in lipid components between aged and fresh onion seeds, showing the
potential of the technique for observing changes in lipid components in seeds. (J Am Soc
Mass Spectrom 1999, 10, 983–991) © 1999 American Society for Mass Spectrometry
Triacylglycerols (TAGs) are the major componentsof edible oils and hence are important sources ofcalories and nutrition in human beings. TAGs are
also stored in the bodies of animals as a future energy
supply. In fact, over 90% of the weight of adipose tissue
in animals is from TAGs. TAGs are also an important
source of energy for plants. Of particular importance is
that degradation of TAGs in seeds can lead to poor
viability and germination [1–3].
Traditional analysis has generally relied on saponi-
fication and then methylation to form fatty acid methyl
esters (FAME) [4] which are then detected by gas
chromatography (GC) or GC mass spectrometry
(GCMS). This type of analysis does not allow detection
of the actual TAGs; only the total percentage of indi-
vidual fatty acids can be determined. Enzymatic meth-
ods have been employed for quantitative analysis of
TAGs [5]. They are excellent for quantification of total
concentration, but give no information on the types or
amounts of specific TAGs. TAG analysis has been
performed by thin layer chromatography (TLC), both
argentation [6] and reversed phase [7]. Argentation TLC
separates TAGs based on their unsaturation, and there-
fore is unable to separate saturated species. Further-
more, determinations are generally based on rf values
which can lead to false identifications. In reversed
phase TLC it is also difficult to identify individual
components. Supercritical fluid chromatography (SFC)
[8] and high performance liquid chromatography
(HPLC) [9] are both capable of partially separating
complex mixtures of TAGs, but both rely on retention
time for identification which is difficult especially when
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peaks are only partially resolved. In order to solve the
identification difficulties, mass spectrometry of TAGs
has been investigated. Traditional electron impact (EI)
mass spectrometry yields a very weak molecular ion
[10] and shows extensive fragmentation. Analysis of
complex mixtures would be extremely difficult consid-
ering the extensive fragmentation. It was also found
that significant memory effects occurred when analyz-
ing TAGs by EI/MS. Chemical ionization (CI) mass
spectrometry does improve the signal from the molec-
ular ion [11], but fragmentation is still quite prominent.
Other mass spectrometric ionization techniques have
been employed including fast-atom bombardment
(FAB) [12], electrospray [13], and atmospheric pressure
chemical ionization (APCI) [14]. Of these, APCI offers
the best sensitivity and quantification after separation
by HPLC. More recently the ability to determine the
complete structural characteristics of TAGs was per-
formed with tandem sector mass spectrometry using
ESI or FAB [15]. This work demonstrated the ability of
tandem mass spectrometry to identify the location of
double bonds on the fatty acids chains of TAGs. In
addition, matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry was shown to respond to
TAGs using a liquid matrix [16], however no quantifi-
cation or CID experiments were performed.
Since it was first introduced [17] MALDI has primar-
ily been used for proteins [18, 19], carbohydrates [20],
oligonucleotides [21], and synthetic polymers [22].
Though MALDI is a very effective technique for tradi-
tional biomolecules, it also is a sensitive detection
method for virtually all nonvolatile compounds. We
now report the use of MALDI for the quantitative and
qualitative determination of TAG standards and mixtures.
Experimental
Instrumentation and MALDI Analysis
All MALDI spectra were obtained using a PerSeptive
Biosystems (Framingham, MA) DE-RP time of flight
mass spectrometer. The instrument used a nitrogen
laser at 337 nm to ionize and desorb the sample. It was
also equipped with delayed extraction technology, a
reflectron, and a collision cell. All spectra were the
average of 256 individual spectra. The laser was atten-
uated to about 1/3 of its maximum power, depositing
approximately 100 mJ of energy per laser shot. The
voltage applied was 25,000 V and a focusing guide wire
was held at a potential of 0.1% of the accelerating
voltage. A delay time of 100 ns was used between the
time of the laser pulse and the turning on of the
accelerating voltage. The instrument was set in the
reflector mode and spectra were taken from 0 to 5000
m/z. The CID experiments were done by bleeding in a
small amount of air into the collision cell. The ion gauge
read about 5 3 1026 torr after the addition of the air as
opposed to 5 3 1027 prior to adding air to the collision
cell. The default calibration file or a calibration file
based on matrix peaks was used. Mass measurements
and peak centroiding were done by the data system.
Seed Aging and Extraction
Onion (Allium cepa) seed, breeding line MSU 2399B Lot
537879, was obtained from Dr. R. Watson, ARCO Seed
(El Centro, CA). Until used, the seed was stored in
plastic containers at 4 °C, 28%–30% relative humidity
(%RH) at the USDA-ARS, Western Regional Plant In-
troduction Station (WRPIS) seed storage facility in
Pullman, WA. Storage treatment conditions for the seed
were: (1) the control was held in standard seed storage
at 4 °C, 28%–30% RH in the WRPIS facility. Samples of
seeds were put into small coin envelopes and stored in
drawers, the same as normal procedure for the Plant
Introduction germplasm. (2) Seeds exposed to heat
treatment with elevated oxygen (accelerated aging)
were removed from the traditional seed storage and 6–7
g of seed were put into 250 mL Erlenmeyer flasks. These
were placed into a warm water bath maintained at
constant 40–41 °C. The flasks were then flooded with
pure oxygen for 2–3 min, and stoppered with rubber
stoppers. A 95%–99% oxygen atmosphere at 40–41 °C
was maintained by reflooding the flasks with oxygen
every 14 days.
Extractions were conducted using a high-pressure
Soxhlet extractor (J & W Scientific, Folsom) and liquid
carbon dioxide as the extraction solvent. Seeds were
ground dry in a 37-mL stainless steel container on a
standard laboratory Waring blender for 20 s. Extrac-
tions were run for 48 h at 650–700 lb/in.2 with a
temperature differential of 38–41 °C at the base of the
chamber to 4 °C on the cold finger. Aliquots from the
extract were diluted into chloroform and stored in a
freezer prior to MALDI analysis.
Reagents and Sample Preparation
All solvents used were reagent grade and were pur-
chased from J. T. Baker (Phillipsburgh, NJ). The 2,5-
dihydroxy benzoic acid (DHB) and the alpha-cyano
cinnamic acid (CHCA) were both purchased from Al-
drich Chemical (Milwaukee, WI). All of the TAG stan-
dards and the dithranol (1,8 dihydroxy-9[10H] anthra-
cenone) were obtained from Sigma (St. Louis, MO). The
K4[Fe(CN)6] and the glycerol were also purchased from
J. T. Baker. In all cases the TAGs and the whole oils
were dissolved in chloroform. Four matrices were used
in these experiments including: DHB, CHCA, dithranol,
and K4[Fe(CN)6]/glycerol. The K4[Fe(CN)6]/glycerol
liquid matrix was prepared as previously described
[16]. The CHCA was dissolved in a 50:50 (water:aceto-
nitrile) solution containing 0.25% trifluoroacetic acid.
The TAG standards were then mixed with this matrix
on the sample plate itself or in a separate vial and then
spotted on the plate. The DHB was dissolved in either
acetone or a 50:50 (water:acetonitrile) solution contain-
ing 0.25% trifluoroacetic acid. The DHB in the water
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mixture was used in the same way as the CHCA. The
DHB dissolved in acetone was spotted on the plate and
allowed to dry (5 s) and then the TAGs dissolved in
chloroform were spotted directly on top of the DHB.
The dithranol was dissolved in chloroform and mixed
with the TAGs prior to spotting on the plate. In all cases
1 mL of solution was used. The samples were spotted on
a standard plate containing 100 small wells.
Results and Discussion
Matrix and Sample Preparation
A number of matrices were investigated for the MALDI
analysis of TAGs including alpha-cyano cinnamic acid
(CHCA), dihydroxy benzoic acid (DHB), dithranol, and
K4[Fe(CN)6]/glycerol. The K4[Fe(CN)6]/glycerol liquid
matrix was recently reported by Zollner et al. [16] to be
an effective matrix for nonpolar compounds such as
TAGs. Their method was to apply a small amount of a
5% glycerol in methanol solution saturated with
hexacyanoferrate to the MALDI plate. After allowing
the methanol to dry, the analyte was applied in chloro-
form on top of the glycerol layer. This sample prepara-
tion would then give a thin film of UV absorbing
hexacyanoferrate in glycerol with a thin film of analyte
on top of the glycerol. Detection limits in the low fmol
range were reported for TAGs. Our attempts to use this
sample preparation were very unsuccessful probably
because our preparation seemed to destroy the thin film
of glycerol. After applying the chloroform solution to
the plate we were left with clumps of glycerol instead of
a thin film. These results were similar to those reported
by Zollner et al. [16] when water solutions were applied
to the thin UV absorbing layer.
Traditional MALDI matrices were also used such as
CHCA and DHB. Both CHCA and DHB were prepared
in 50% water : 50% acetonitrile with 0.25% trifluoroace-
tic acid. The matrices were then mixed with the chloro-
form solution of TAGs both in a separate vial and
directly on the plate. The use of both matrices did lead
to some sodiated molecules, but the shot to shot repro-
ducibility and the detection limits were very poor.
These results can be attributed to incompatibility of the
solvents. Dithranol, soluble in chloroform and first
reported by Juhasz and Costello [23], would seem to
make an ideal matrix for TAGs. However, the matrix
only achieved detection limits in the mid pmol range
and did not show good shot to shot reproducibility.
A final sample preparation using DHB proved to
work the best. The DHB was dissolved in acetone and
this solution was applied to the MALDI plate. The
acetone quickly evaporated leaving a thin layer of very
small DHB crystals. The TAGs dissolved in chloroform
were then applied directly on top of this crystal layer
and allowed to evaporate. This sample preparation
proved to be much more sensitive than the others, with
Figure 1. Typical positive ion MALDI mass spectrum of a TAG. The standard in the above spectrum
contained two stearic acids and a lauric acid with a molecular weight of 835 u. The dominant peak in
the spectrum at m/z 857.7 is the sodiated molecular ion of the TAG. The spectrum also shows two
prompt fragment ions resulting from the loss of a sodium salt of a fatty acid.




CHCA water/acetonitrile no mid pmol
DHB water/acetonitrile no mid pmol
DHB acetone yes mid fmol
Dithranol chloroform no mid pmol
K4Fe(CN)6/glycerol methanol no ????
a
aThe detection limit for this matrix was previously reported in the low
fmol range. We were however unable to produce any ions from TAGs
with this matrix.
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the detection limits in the fmol range. In addition, this
method gave much better shot to shot reproducibility in
comparison to the other sample preparations. This
sample preparation was then used for the remainder of
the MALDI experiments with TAGs. The results of the
matrix studies are summarized in Table 1.
MALDI Analysis of a TAG
Figure 1 shows the positive ion MALDI mass spectrum
of a triacylglycerol standard composed of two stearic
acids and one lauric acid (C18:0/18:0/14:0) with a
molecular weight of 834.7. The spectrum is dominated
by the sodiated molecule at 857.7 and shows no proton-
ated molecule. The spectrum also shows two prompt
fragments associated with the loss of a RCOO2Na1
molecule. The peak associated with the loss of the C18
fatty acid is approximately twice that of the C14 loss
indicating that there is no preferential loss based on the
size of the fatty acid. This information can then quickly
be used to determine the three fatty acids in any
unknown TAG, however, it would be impossible to
Figure 2. The top spectrum (A) shows the positive ion MALDI mass spectrum of a mixture of seven
TAG standards: tricaprin (C10:0), trilaurin (C12:0), trimyristin (C14:0), tripalmitin (C16:0), tristearin
(C18:0), triarachidin (C20:0), and tribehenin (C22:0) at similar concentrations. The bottom graph (B)
shows a plot of the relative peak height of each standard. The graph clearly shows a decrease in signal
intensity for the higher molecular weight TAGs.
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determine the exact location of the individual fatty
acids on the glycerol molecule. The loss of a sodiated
fatty acid seems reasonable because it corresponds to a
charge-driven fragmentation process. All other stan-
dards used resulted in similar ion formation and
prompt losses.
MALDI Analysis of a TAG Mixture
Figure 2A shows the positive ion spectrum of a mixture
of seven TAGs: tricaprin (C10:0), trilaurin (C12:0),
trimyristin (C14:0), tripalmitin (C16:0), tristearin (C18:
0), triarachidin (C20:0), and tribehenin (C22:0). There
was between 50 and 100 pmol of each TAG on the
sample plate. All produced only sodiated molecules
and prompt fragmentation losses of a RCOO2Na1
molecule (data not shown). It was clear from the spec-
trum that the peak height decreased with increasing
molecular weight. Figure 2b shows a graph of the
relative peak height of the mixture after it was corrected
for the actual amount spotted on the plate. This graph
further illustrates the loss in sensitivity of the higher
molecular weight compounds in the mixture. This de-
crease in sensitivity for higher molecular weight com-
pounds may make quantification more difficult for
mixtures containing species with a wide range of mo-
lecular weights.
Quantitative Analysis of TAGs
A calibration curve was constructed using the sodiated
peak at m/z 662 of trilaurin (C12:0) in the range 1–20
pmol. Above 20 pmol the increase in peak height
slowed relative to the amount of analyte on the plate,
hence producing a nonlinear graph. The analysis was
taken by randomly moving the laser around within the
sample spot to eliminate any operator bias. All points
were the average of three analyses and gave rsd values
in the 5%–15% range. Figure 3a shows the calibration
curve based solely on peak heights using no form of
internal standard. This graph shows a trend of in-
creased peak height with increasing analyte; however,
the linearity of the graph was not good with a correla-
tion coefficient of 0.968. Although these results were
only semiquantitative, it should be noted that this
analysis is extremely easy, rapid, and sensitive com-
pared to that done by saponification and chromato-
graphic methods.
Figure 3b shows a calibration curve of the same
standards only this time the intensity of the analyte
peak was divided by the intensity of a matrix peak (720
m/z). This should help account for any random differ-
ences in the surfaces of the samples. This graph was
more linear than the one based solely on peak heights.
The correlation coefficient in this case was 0.996. From
the data used to construct this calibration curve the
detection limit was determined to be about 100 fmol for
trilaurin. This was still a little higher than that reported
for the K4[Fe(CN)6]/glycerol liquid matrix; however,
we feel our DHB sample preparation was easier and
gave better reproducibility. Also the results indicate
that quantification was possible for TAGs using this
method of sample preparation. It should be noted,
however that samples containing isomeric compounds
(identical m/z) would not be quantifiable individually
by this method. The linear range was slightly more than
one order of magnitude, but represents a major im-
provement considering the difficulty of quantification
using MALDI.
CID of Trimyrstin
Figure 4a shows the CID spectrum for trimyristin
acquired in the PSD mode. The CID spectrum shows the
loss of the sodium salt of a fatty acid which also
occurred as a prompt fragmentation to give the m/z 496
ion. In addition, it shows the loss of a neutral fatty acid
to give an ion of m/z 519. In fact, the loss of the neutral
fatty acid is more prominent than the loss of the
sodiated form. The rest of the CID spectrum is domi-
nated by peaks resulting from charge-remote fragmen-
tation. We can see a series of peaks separated by 14 u in
the high-mass region of the spectrum culminating with
a prominent peak at m/z 590. These peaks are of ions
Figure 3. The top graph (A) shows the calibration curve for
trilaurin (C12:0) using the peak height without any internal
standard. The bottom graph (B) shows the same curve when a
ratio of the peak height for the analyte and a matrix peak is used.
The bottom curve has a correlation coefficient better then 0.99.
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resulting from the loss of CnH2n12 from one of the fatty
acids. The prominence of the ion at m/z 590 can be
attributed to the formation of a conjugated system.
Similar results have recently been reported by
Domingues et al. [24]. This can be seen more clearly by
observing Figure 4b. This figure gives an overview of
the prominent fragmentation pathways seen for TAGs
using high energy MALDI-CID-MS.
Analysis of Standard Olive Oil by MALDI
The MALDI spectrum of a standard olive oil is shown
in Figure 5. This standard olive oil contains five com-
ponents: triolein (60%), 1,2 dioleoyl-3-palmitoyl-rac-
glycerol (30%), 1,2 dilinoleoyl-3-oleoyl-rac-glycerol
(4%), 1,2 dioleoyl-3-stearoyl-rac-glycerol (4%), and trili-
nolein (2%). The percent composition for the standard
was used as reported by Sigma Chemical. The m/z of the
sodiated molecules for each of the above compounds
are 908, 882, 904, 910, and 902, respectively. Each of
these ions is labeled in Figure 5. The figure also contains
significant isotope peaks for the large peaks at m/z 882
and 908. From a visual inspection of the spectrum it was
observed that the relative heights of each peak matched
the expected values with the exception of the peak at
m/z 910 which was clearly higher than expected. It
should be noted that this peak (1,2 dioleoyl-3-stearoyl-
rac-glycerol) also had a significant contribution from
Figure 4. The top spectrum (A) shows the CID spectrum for trimyristin (C14:0). The bottom graph
(B) shows the major dissociative pathways for TAGs using high-energy CID.
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the M 1 2 isotope from the m/z 908 peak (triolein).
After subtracting the background and correcting for
isotope contributions the results for the expected %
compositions with the experimental % compositions
matched very closely. These results are presented in
Table 2. The range of percent differences was 2%–15%.
This demonstrates the potential of MALDI to rapidly
determine the compositions of simple unknown mix-
tures of TAGs.
MALDI Analysis of Seed Oils Extracted from
Fresh and Aged Seeds
MALDI spectra of both fresh and aged seeds from
onion (allium cepa) are shown in Figure 6. Both spectra
show many clusters of peaks. Within a cluster the peak
with the highest intensity is mass labeled. The two
spectra are, however, dramatically different with the
aged seeds showing considerably more high-mass
peaks than the fresh seed. There also appears to be some
missing components from the aged seed in the m/z
750–800 range. If one looks at the highest peak in each
cluster it appears that the additional high-mass peaks in
the aged seed were 16 mass units higher than the
previous cluster. This indicates that significant oxida-
tion has taken place in the aging process. The mecha-
nism and location of oxidation are unclear from the
spectra alone, but by using simpler more controlled
aging experiments and obtaining CID data, MALDI
may provide useful information to help elucidate this
process.
Conclusions
Using the DHB/acetone sample method for TAGs gives
detection limits in the mid fmol range. This sample
preparation is very rapid and provides experimental
ease. In addition, the shot to shot reproducibility is
much better than traditionally seen in MALDI and
yields quantitative results. MALDI also provided con-
siderable qualitative information on TAGs including
the three fatty acids on the glycerol backbone. MALDI
was also shown to give good agreement between ex-
pected and experimental percent compositions for an
olive oil standard. Finally, significant differences in the
lipid fractions of fresh and aged onion seeds were
shown and MALDI appears to be an excellent tool for
investigating the aging process in seeds.
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Figure 5. MALDI mass spectrum of an olive oil standard with the following composition: triolein
60% (908 m/z), 1,2 dioleoyl-3-palmitoyl-rac-glycerol 30% (882 m/z), 1,2-dilinoleoyl-3-oleoyl-rac-glycerol
4% (904 m/z), 1,2 dioleoyl-3-stearoyl-rac-glycerol 4% (910 m/z), and trilinolein 2% (902 m/z). After
correcting the peak heights for isotope contributions, the experimental percentages differed from the
known percentages by 0.1%–2.4%.
Table 2. Experimental and expected % compositions of TAGs
in standard olive oil
Mass
(M 1 Na)1 Expected % Experimental % % Difference
882 30 28.1 6 0.9 26.3
902 2 1.7 6 0.1 215.0
904 4 3.6 6 0.1 210.0
908 60 62.4 6 1.7 4.0
910 4 4.1 6 0.8 2.5
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